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AERODYNAMIC THEORY AND TEST OF STRUT FORMS 

By B, H. Smith 
PART I 1 

SUMMARY 

This report, submitted to the National Advisory Committee for Aeronautics for publication, 
presents the whole study under this title in two parts, only the first of which is reported here. In 
this part the symmetrical inoiscid flow about an empirical strut of high service merit is found by 
both the Rankine and the Joukowsky methods. The results can be made to agree as closely as wished. 
Theoretical stream surfaces as well as surfaces of constant speed and pressure in the fluid about the 
strut are found. The surface pressure computed from the two theories agrees well with the measured 
pressure on the fore part of the model but not so well on the after part. From the theoretical flow 
speed the surf ace friction is computed by an empirical formula. The drag integrated from the fric- 
tion and measured pressure closely equals the whole measured drag. As the pressure drag and the 
whole drag are accurately determined, the friction formula also appears trustworthy for such fair 
shapes. 

INTRODUCTION 

The mathematical treatment of symmetrical flow past symmetrical bodies, which are 
streamlined for low resistance, is directed toward the solution of one of two general problems. 
Either one seeks to determine the nonviscous flow past forms whose rooting * is specified but 
final shape unknown, or about those whose final shape is specified and rooting unknown. The 
latter, being the inversion of the other, may be called tbe inverse problem, while the former 
may be called the direct problem. Almost all of the theoretical investigation on fluid flow past 
such shapes has been devoted to forms of fixed rooting, although they are, technically at least, 
the less important of the two. This partiality to the direct problem results from the fact that 
it naturally runs along with, while the other runs counter to, a mathematical development which 
is practically irreversible; that is, one which can be followed in the reverse direction only with 
the greatest difficulty. 

Following logically the theory of fluid motion, the direct problem was successfully studied 
early, in the case of poorer forms of simple origin, in both two and three dimensions. The 
method was that due to Rankine, in which sources and sinks of equal total strength are imagined 
created along a streamline of a uniform stream of fluid, and the separate streams, each flowing 
as if alone, combined by superposition. (References 1, 2, and 3.) The closed surface of sepa- 
ration between the source-sink and the external streams is then made the surface of a solid 
body. The substitution of this body for the source-sink flow leaves the external stream un- 
changed since (in a nonviscous fluid) the inner flow and the body produce the same boundary 
conditions at the surface of separation. Since the external stream is known from the super- 
position of the flows before the substitution, the flow about the body is known. 

Such surfaces of separation for water, suitable as forms for surface ships, have since been 
derived graphically by Taylor (References 3 and 4) and McBntee (Reference 5) by assuming 
more complicated source-sink combinations. These forms are made long and narrow with 

i This part was submitted In May, 1928, to the Johns Hopkins University In conformity with the reanirements for the M. A. degree. The 
second part wfa be completed and the whole submitted in 1829 in conformity with the requirements for the Ph. D. degree. 

' By rooting is meant the premises which fix the form of the body, namely, the arrangement of the sources and sinks in the Rankine theory 
or of the complex poles la the JoukowsH theory. 
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sharp, or sharply rounded, bows and sterns, in order to reduce the wave-making and inertia 
forces which together are large compared to the viscous forces. Because of their large surfaces 
such forms are not suited, however, for deep submersion in either water or air, where the viscous 
forces predominate. . . . 

While the development of deep-sea shapes of least drag has been very little studiedT&ecause 
of their lack of utility, the practical need for minimum resistance air forms has led to a large 
amount of experimentation on empirical and, to a much less extent, on theoretical streamline 
forms. An important experiment on theoretical airship forms was made by G. Fuhrmann in 
1912. (Reference 6.) Using Taylor's graphical method, he derived six beautifully streamlined 
separation surfaces of revolution, and showed the agreement between the surface pressures 
about them as computed and as experimentally measured. The 2-dimensional sequel to 
Fuhrmann's work, is the subject of Part II of this general study, and was suggested to me by 
Dr. A. F. Zahm as suitable for a thesis. 

In two dimensions, the direct problem can be treated also by the method of conformal 
transformation. An extensive literature has been built up during the last few years on the 
development- of Joukowski and kindred airfoils by this method. (References r j i 8, 9, 10, 11, 
and 12.) The corresponding development of symmetrical shapes suitable for struts, however, 
has been little studied although the strut derivatives of Joukowski profiles are more easily 
obtained and are more like successful service forms. _ A Joukowski strut of high merit is developed 
in the present study, and the theoretical and experimental flows about- it are compared. 

The inverse problem, in which.the final shape is specified, has been undertaken in only 
one investigation. (Reference 14.) Von Karman~found the flow past arbitrary half bodies of 
revolution, and then past an airship, whose shape was specified, by forming its bow and stem 
of two half bodies, cut to the correct length, and joining them. Certain approximations and 
assumptions incident to the splicing were made and investigated. While they shorten a very 
long problem until it is practically solvable, these approximations destroy much of the math- 
ematical elegance and exactness of the method. 

Since Von^Karman's method is an important theoretical and technical advance, it has been 
thought worth while to carry through, at least once, the laborious task of extending it rigorously 
to an arbitrary whole body. The body chosen was the United States Navy Number 2 strut, whose 
form is empirical and whose service merit (Reference 13) is unexcelled. This investigation, 
together with that of the Joukowski strulrreferred to, which differs from the Navy Number 2 
only at the extreme trailing edge, gives two independent- developments of the theoretical flow 
about this strut. The two theoretical flows are finally compared with the experimental flow 
found by measuring the pressure over the strut surfaces. The Von Karman and Joukowski 
strut studies constitute Part I of the whole investigation. 

Whether we consider the problem of solving the flow about a strut of fixed final form or 
of fixed rooting, the mathematical treatment is possible only when viscosity is neglected. Under 
usual conditions, it is well established that fluids, like air and water, stick without slipping to 
the surface of the body past which they flow, and that the retardation of the near-by fluid 
takes place in a thin layer called the boundary layer. In this layer the viscous forces are of the 
same order of magnitude as the inertia forces and lead to the formation of vortices when the 
retardation is sufficient to cause a reverse flow. (References 15 and 16.) Such sufficient 
retardations always occur in the immediate wake of conventional streamline bodies, particularly 
if their trailing parts are blunt. The surface line, dividing the upstream region of nonreverse 
flow and the downstream region of reverse flow, is called the line of separation. The shifting 
of this line with change of air speed, in the case of some forms, is one cause for the variation 
of the resistance coefficient with Reynolds Number. The line of separation for easy shapes is 
never far from the af tmost point of the body and shifts most for those with rounded tails. For 
well streamlined bodies with sharp tails or trailing edges, the line of separation is sometimes 
stationary for a considerable range of Reynolds Number. Such forms produce a stable flow 
whose pattern is fixed and have a very low resistance, most of which is found to be due to 
viscous friction. They represent the optimum easy forms and are the most interesting from 
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the practical, as well as from the theoretical, point of view. The struts considered here are 
bodies of this class. 

THE SOURCE-SINK ENVELOPE APPROXIMATING THE UNITED STATES NAVY NUMBER 2 STRUT 

V » 













• x — •! 



Figure i 



At any point j? on the separation line (fig. 1) inclosing a source-sink system in a plane 
stream U, clearly the stream function is 



where Q is the strength of any source or sink and tp kf the angle as shown, 
closure, viz, that the Q flow shall stay inside the line, is 

2Q = 0 



(1) 

The condition of 
(2) 



Hence, if y, <p are given for enough points p, equations (1), (2) determine the Q's that condition 
the given closure line in the given stream. Let the closure line be the section of the United 
States Navy Number 2 strut in the plane stream U. 

Equation (1) is true, in two dimensions, for any type or distribution of sources and sinks. 
It will be convenient to assume line sources and sinks which run in the strut plane of symmetry 
parallel to the strut length, and located on the ordinates by which the strut is specified. There 
will then be n sources and sinks and n equations of type (1), for n ordinates. To meet the con- 
dition of closure, equation (2) is added and another source or sink, making in all n + 1 sources 
and sinks and n+1 equations. 

Since its curvature is important, a streamline form can not be specified by fewer than 10 
or 12 ordinates judiciously chosen. In this study, 12 coordinates are used to fix the form, and 
one coordinate added, at the stern to fix the position of the thirteenth source or sink. The 
coordinates for the United States Navy Number 2 strut, multiplied by 2, (fig. 2) are as follows: 
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Hence, the value of <psi, for example, is <psi = it— tan 1 ^"^—^-^=1— 0.578= +2.564. Likewise 

3.000 



the value of ^ is found to be ^97= tan 1 



: + 0.438. After substituting the numerical 



13.60-7.20 

values for the coefficients and unity for the value of U, the constants of equations (1) and (2) 
take the form given in Table I. 

There is nothing new, and very little of interest, in the way this system of linear equations 
has been solved. The solution was accomplished in steps, each of which reduced the number 
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both of equations and of unknowns by one. After each reduction the new equations were 
rearranged so that the next reduction, could be made by using factors of the order of unity. 
For example, the first reduction was made by eliminating column 2, Table I, by multiplying 
the second row by — 0.9624, and adding the result to the first row, then by multiplying the third 
row by — 0.6614 and adding to the second row, and so on down the column. The new set, so 
obtained, contains no Q 2 column, and has only 12 rows. These rows were rearranged for the 
next reduction in the order 1, 12, 10, 8, 7, 5, 3, 2, 4, 6, 9, 11, and multiplied, as before, by the 
proper factors to eliminate column 7. Carrying through this process to the end involves almost 
prohibitive work. Ways to save labor and chance of error by proper tabulation are obvious, 
however, and success depends principally on how well they are used. Numbers of seven places 
or more must be carried throughout, which increases considerably the chance of error. Table 
I is given here reduced from seven, places to four places for brevity. The solution of this set - 
of 13 equations was found to- be 

Qt=+ 1.6650 -<2 s =+7.0304"" <? 8 =-3.3078 

Qi=°- 5.8767 <2„=-2.1855 <2io=~ .1097 

Q 3 = + 13. 0072 .8824" <2 n =-3.2608 

Q<=- 5.8817 Q & =- 1.2550" - <>,*= + 1.0123 

"Gii-- 1-7202 

Figure 3 shows graphically the distribution and the relative strengths of the sources and sinks 
along the chord of the strut profile. A positive Q is a source, a negative one a sink, by defini- 
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Figure 8.— The distribution and relative strengths of sources and sinks whose sepa- 
ration surfaoe in a unit stream Is indistinguishable from the United States Navy 
No. 2 strut 

tion, hence there are five sources and eight sinks, the sources predominating at the bow and the 
sinks at the stern. 

It is relatively easy to find the components of velocity and the pressure at-each surface 
point j>, from the known strengths and positions of the sources and sinks. The stream function 
fa,, at each point p, due to the Jc' h source or sink, is simply 

and the radial velocity q tp , simply 

where r tJ) ■=[(«,— Xk)* + y P *] m - The cartesian components of q kp are 

*' 2*r t > ' U " 2^/ 
which become, when summed for all sources and sinks, 



, i 

2^1 r tr * 



■ (3) 
(4) 



AERODYNAMIC THEORY AND TEST OF STRUT FORMS 

The velocity <7 0 of the uniform stream must be added to u, giving 
for the resultant velocity of p. Then the pressure p, at p, above the stream pressure, is 

where p 0 is the dynamic pressure, £ pTJf, of the distant stream and p, is in terms of po as a 
unit. 

Table II gives the values of u t , v„ q,, and p v derived from equations (3), (4), (5), and (6) 
for the United States Navy Number 2 strut. The values of the point pressure p, are shown 
plotted against the strut width in Figure 4 and against its half thickness in Figure 5. The 
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Fiqubk t. — Curves of point pressure, pip, over surface ot Navy No. 2 strut from 
experiment and from Ranking and Jookowski theories 
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Figuse S.— Point pressure versus strut half thloJmessf or experiment and 
theory. The Joukowski and Rankine theoretical curves coincide 



132 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

integrated pressural drag is clearly proportional to the difference between the areas a b g e j 
and g c g of the theoretical curve (fig. 5), which is found to be zero when the two areas are 
planimetered. The theoretical resistance, of this empirical strut is, therefore, zero. Figures 4 
and 5 also give the point pressures found by measurement and by the Joukowski theory, which 
will be explained presently. 

The calculation of the streamlines and velocity distribution afield would be long, but not 
difficulty by use of equations (3) to (6). They are more easily found when the strut is con- 
sidered as a Joukowski profile. These extensions of the development of the flow about the 
strut will, therefore, be left for the Joukowski treatment, now to be considered. 

THE JOUKOWSKI STRUT WHOSE FORM APPROXIMATES THE UNITED STATES NAVY NO. 2 

The. method of finding wing and other streamline forms by a conformal transformation of 
circular and elliptic cylinders is due to Joukowski and later to Mises, Betz, \fuller, Witoszynski, 
and others. (References 7, 8, 9, 10, 11, 12.) Strictly speaking, the Joukowski profiles are 
those of simple 2-pole origin with upper and lower lines forming a cusp at the trailing edge. 
These profiles were soon extended by his followers, in an effort to derive more practical wings, 
to forms of multi-pole origin and to those whose upper and lower surfaces intersect at a small 
angle at the trailing edge. 

The general theory of conformal transforinationxif plane flow has been well worked out in 
the wing studies cited, and will not be considered here, except to mention two" theorems. The 
law of Riemann, in the theory of functions, states that there is a circle and surrounding potential 
field into which one can transform any simple holomorphic contour and surrounding potential 
field so that the field at infinity remains unchanged. Then, more recently, the theorem of 
Bieberbach, which states that there is one, and only one, function for this transformation, 
namely, ... ... 

• • • (?) 

in which £ =£ +it? are the coordinates in the £ plane of the circle and z=x + iy are the coordinates 
in the z plane of the contour. These theorems apply, naturally, only in two dimensions. 
Equation (7) may be written ... ... 

S-H)0-?)0-?)0-l*) • • • • » 

where c B are the complex poles of the transformation, and 2c,=0. The Joukowski solution 
of the inverse problem, viz, of transforming a circle and flow field to a given profile with corre- 
sponding field, reduces to the task of finding the c» or the a„ complex coefficients in these equa-> 
tions. The direct problem, on the other hand, begins with these given in the premises, and 
has been studied, with some difficulty, up to five poles. (Reference 11.) It would be sur- 
prising if fewer than this number were sufficient to fix satisfactorily the transformation of a 
circle to an arbitrary streamline form. The theory in its present state gives fft practical way 
to determine even five poles which would produce roughly a specified form. The Joukowski 
method, therefore, gives no solution yet of the inverse problem. One must resort to a fit and 
try method to find a Joukowski strut that coincides with one arbitrarily chosen and be satis- 
fied with a good approximation. This method will be used to find the JoukowBki strut that 
approximates the United States Navy Number 2. _ 

In carrying out this approximation a modified Joukowski profile will be used, but before 
considering the profile it may be well to summarize briefly that part of the Joukowski theory 
which applies to symmetrical flow. The theory begins with the very old transformation by 
which a circle of radius b is flattened into a straight line whose length is 4&. The transformation 
formula is the simple 2-pole equation 
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which decomposes into two equations, 



S= < 1+ f|?) 



(10) 



The same transformation flattens circles, concentric with the map circle r=6, into ellipses and 
distorts their radii into hyperbolas, the ellipses and hyperbolas being focused at the ends of 
the line 45, Figure 6. 




Figure 8.— Confonnal transformation of 
map circle, r—b, and its potential field 
into the straight line 44 and Its potential 
field 

For a uniform stream crossing a solid cylinder r=b, the sfxeamlines, const, graded 
from the circle r = 6, in the f plane, become transformed into straight parallel lines graded from 
the line 4b in the z plane, and the curves esr= const, become striaght lines orthogonal to them, 
the two sets of lines forming together an ordinary cartesian network. The said flow about the 
circular cylinder r = b, is thus transformed into the flow past a flat plane lying along the general 
stream. 

>7 




Fiauail7a.— Sound cylinder, e-2.00, centered at c— 0.20 map cylinder, 
6-I.4S, transformed into Joukowski approximation of United States Navy 
No. 2 strut, Figure 7b 

Similarly, for flow across the solid cylinder a>b, the curves ^ r = const, graded from the 
concentric circle r = a >b, in the f plane, become curves #,= const, graded from the corresponding 
ellipse in the z plane. The flow about the circular cylinder r=a is transformed, in this way, 
into the flow about an elliptic cylinder, focused at x= ±26. When the circle r=a is not con- 
centric with the map circle, r = b, but eccentrically centered at .£= -c (fig. 7a), the curve in the 
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z plane corresponding to r = a, becomes an ellipse distorted into a more or less streamline strut 
form. (Fig. 7b.) If the shift of the circle r=a along — (• is sufficient to make c=>l — a — that 
is, to make the circles tangent at |=J — the trailing edge of the strut degenerates to a cusp, 
and one has a sy mm etrica] Joukowski profile. 




Figure 7b.— Jonkosrski approximation of endless United States Navy No. 2 
strut, transformed from endless round cylinder, Figure 7a 

By trying a number of sizes and positions for the circle r=b, one finds without much diffi- 
culty that the map cirole & = 1.48, transforms the circle a = 2.00, centered at f = —0.20 into the 
Navy Number 2 strut accurately to within IK per cent of the maximum ordinate everywhere 
except near the extreme trailing edge. The actual agreement is seen in Table III and Figure 8. 




U.$.Ngyy No.2 



Fiqtjbe 8.— Jonkowsty approximation to United States Navy 
No. 2 strut 



This agreement is satisfactory, especially since most, if not all, of the objectionable discrepancy 
near the trailing edge, where the Joukowski strut is jounded while the Navy Number 2 con- 
tinues to an edge, occurs aft the lines of. separation: where the form of the surface is largely 
immaterial. 

Having obtained the Joukowski strut, the flow about it is easily found. In general, the 
flow about a circular cylinder of radius a is given by the equation 



whose ^ r componentris 



I TT - PW*' 



(ID 



(12) 



When the cylinder is centered at |= —0.20, and has a radius r=a=2.00, equation (12) becomes 

(13) 



, XT 4£7qt/ 
^=^-^ +( £ + 0 . 20) i' 

whence the component velocities at any point (£, ij) about the cylinder are 



'"5T 



^ 77 fi a (g+0-20)'-n 2 J 
- to| 1 -4 [(€+0 .20)* + ^*| 

£+0.20 



(14) 
(15) 



In order to find the corresponding components if, and v s about the strut, the lengths of corre- 
sponding path segments in the_ f and z planes must be found. That is, the differential quotient 
of 2 and f must be .evaluated. Then 



«r_t>r. 



dz 
df 



(16) 
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The evaluation of 



dz 

dr 



is known, and can be easily varified to be 



dz 

dr 



'p^WW-W+W* ■ (17) 



Finally, the resultant velocity q ti at any point f, about the cylinder is given by 

2f=«f S + V (18) 
Likewise the resultant velocity g>, at any point, z, about the strut is given by 

g, s =« i s +r, i (19) 

The surfaces of constant speed or pressure near the cylinder are. easily found analytically, 
but those near the strut can not easily be found directly. 4 In the latter case, the values of q t 
must be found along a number of closely graded streamlines, and the surfaces of constant q, 
found by use of an auxiliary plot of g> for each streamline, first against x and then against y. 

The surfaces of constant speed q il about the cylinder (References (18) and (21)) may be 
found as follows. If the velocity TJ 0 of the uniform stream is unity, equation (12), in polar 
coordinates, takes the form 

&=(r-f)sin<? (20) 
By differentiation, equation (20) gives the two polar components of velocity, 

ft-^O -?)«■• 

2r 2 =2r 2 +2. s =(l + pj sin s e+(l -pj cos 4 d 
or 

2r=^i I(a*+ r 2 ) 2 — to*r* cos 1 ffl* (22 



(21) 



Hence 



From this equation 2r clearly has the maximum value 2, at the point where 0=^and r=a, 

and the minimum value, zero, at the rest points 8 = 0, v, r=a. Surfaces of constant speed j f , 
intermediate between 0 and 2 are shown, plotted from Table IV, in Figure 9a, where those above 
the £ axis are for even speeds, those below for even pressures. 1 

One surface of constant speed is of special interest — namely, the surface <&•= 1 — showing 
where the speed beyond the cylinder is equal to that of the uniform stream. For this case 

r*= (a 2 +r i ) i -Aa 1 r i cos* 8 (23) 

or 

c' + 2r 2 (l-2 cos*f?) = 0. 

es 

Since cos* fl= ^_^ 2 > equation (23) becomes 
from which 

^-^=1, where Z=|*. (24) 

3 Enrfaces of constant speed and pressure are of practical interest In showing where to place anemometers to indicate, with least correction, the 
relative speed of the stmt and the general air stream. 
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The surfaces g f = f7 0 are therefore two equilateral hyperbolas with foci afrthe ends of the cylinder 
diameter which lies along the general stream. (Fig. 9a.) 




FratraE 9a.— Lines of constant speed and pressure of perfect flow past end- 
less round cylinder 

To find the corresponding surfaces of constant speed near the strut, one must first deter- 
mine a number of closely graded streamlines near the cylinder, and the corresponding ones 
about" the strut. Equation (13) must7therefore, be solved for a number of values of and the 
values £ and v transformed to x and y by equation (10). Since ^ is a cubic in i? and. only a 
quadratic in {, equation (13) is best put in the form, 

k2-II/» 



$+0.20 = n 



(25) 



■n 

and solved for $. The values £, jj, x, y of the streamlines useful in finding surfaces of constant 

speed about the strut, as well as values of j^j and .the velocities g r and g„ are illustrated in 

Table V-b, which is for the streamline ^ f =G.01 only. The co.ordinates _ of the constant speed 
curves taken, as explained, from auxiliary plots of speed versus x and y for each streamline are 
given in Table VI, for as many of the even speeds and pressures, used for the cylinder, as exist — 
for the strut. Since the maximum speed aboutthe strut, Table Va, is g t =1.37, and the mini- 
mum pressure p t = —0.867, the curves g,=1.5, 1.75 and p , = —1.00, given for the cylinder, do 
not appear for the strut. The curves for constant, & intermediate between Q and L37 are 




Fiarai 8b.— Lines of constant speed and pressure for perfect flow- 
past United States Navy No. 2 strut (ioukowsky approximation) 
at zero pitch and yaw 



shown in Figure 9b, where again those above the x.axis are for even speeds, and those below 
are for even'pressures. . 
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The computed point pressures over the surface of the Joukowski strut are given in Table 
Va, and plotted against strut width in Figure 4, along with the computed pressures for the 
Rankine strut and those measured by experiment. The plot of pressure against strut half- 
thickness (fig. 5) coincides with that for the Rankine strut. Hence the theoretical resistance 
of the Joukowski strut is zero also. 

Normally graded streamlines, const., are found about the round cylinder, and then 
transformed to those about the strut, by the equations already used to find the surfaces of con- 
stant speed. The values computed for these curves are' illustrated in Table Vc, which is for 
the streamline ^=0.35 only. A number of evenly graded streamlines are drawn past both the 
round cylinder and the strut in Figures 10a and 10b. 




Fiairai IOa.— Round cylinder fixed In a boundless uniform, stream of In viscid 

fluid 




Fiqubi 10b.— T/nited States Navy No. 2 strut (Joniowsky approximation) 
fixed In a boundless uniform stream of Invlsdd fluid 



EXPERIMENTAL INVESTIGATION OF THE UNITED STATES NAVY NUMBER 2 STRUT 

The precise measurement of the actual drag of bodies shaped for slight resistance is diffi- 
cult, since the drag is so small compared to the general proportions of the body, and so sensitive 
to any disturbance or tripping of the surface flow. It is still more difficult to determine ex- 
perimentally the pressural part of the drag, because it is a small residue of two much larger 
quantities, viz, the downstream and upstream pressural forces. The frictional part of the drag, 
being the drag minus its pressural part, is therefore the least precisely determined of the three. 
For these reasons any experimental measurements of the actual pressure on thick forms of low 
resistance, however carefully these forms are made and tested, are likely to be more or less 
unsatisfactory when analyzed. 

The basic experimental data for the investigation of the actual flow past the United States 
Navy Number 2 strut are simply the measurements of the total drag and the point pressures 
at 14 positions on the strut surface. (Tables VII and VIII.) These data were obtained from 
a smooth wooden strut model 3 by 10K by 60 inches faced, where pressures were collected, by 
a brass plate carefully fitted and perforated by 1-rnillimeter pressure holes. The ends of the 
strut were so shielded that the strut was the equivalent of an equal segment of a strut infinitely 
long. The total drag was measured on the aerodynamic balance, to which the strut was 
attached by prongs which entered the middle of the strut, as explained in Reference 20. The 
location of the pressure holes is given in Table VIII. Measurements of drag and pressure 
were obtained in the large Navy wind tunnel with the air stream held at five different speeds. 
The laboratory equipment for measuring these quantities and the technique of the experiment 
will be found clearly discussed in Reference 20, and will not be considered here 

104397— 30 10 



138 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

Figures 4 and 5, in which the measured pressures are plotted against the strut width and 
the half thickness, respectively, have already been referred to. In Figure 4 the other four 
experimental curves are omitted, namely, those for 20, 30, 40, and 50 miles per hour. How- 
ever, for each speed there is a point of full impact pressure q, at the nose and two points of zero 
pressure at the side, the first at a distance of 3.3 per cent of the strut width from the front, 
and the second at a distance of 87.1 per cent. The corresponding theoretical values are 3.1 
per cent for the first, and 92.1 per cent for the second. At about one-fifth of the width from 
the leading edge occurs the maximum suction which equals about four-fifths of the nose pressure 
q. The maximum theoretical suction occurs at the same place but is larger, being about seven- 
eighths of the nose pressure. At the trailing edge the experimental pressure is about one-sixth q, 
while the theoretical pressure there is q. Throughout most of the suction range the experi- 
mental suctions are uniformly less than the theoretical by about one-tenth q. As may be seen 
from the data, the pressure at each hole varies nearly as the square of the speed, but with a 
degree" of approximation slightly diminishing aft of the thickest part of the strut and more pro- 
nouncedly at the lower speeds. That this is even approximately true near the trailing edge 
indicates that the line of separation moves only slightly, if at all, throughout the speed range 
covered. This invariance of flow pattern with air speed is also shown by the fact that the 
rear zero pressure line does not shift along the surface of the strut as the speed is varied. This 
contrasts with the results obtained on a 2 by 8 inch elliptical cylinder (Reference 20), which 
has a shifting rear zero-pressure point and a varying flow pattern near the trailing edge. 

One must turn to Figure 5 to find the consequence of the variation of the experimental 
point pressures from the theoretical. In this figure the integrals of the segments of the pressure 
graphs give the elements of pressural drag and their sum gives the resultant- pressural drag. 
We have already seen that this sum is zero for the theoretical curve. The elements of pressural 
drag are given both separately and summed for both theory and experiment in Table IX. 
The lower part of the table is of special interest- as showing the relation of the drag to its pres- 
sural and Motional parts, and the relation of the pressural drag to its four upstream and down- 
stream parts. 4 At 60 miles per hour air speed, the integral experimental pressures exertnan 
upstream force of-0.6383 pound, and a downstream force of 0.7012 pound per foot of strut 
length. The resultant pressural drag D 9 , is therefore 0.0629 pound per foot. Since the meas- 
ured drag at this speed is 0.1748 pound, the frictional drag is 0.1119 pound, being the drag 
minus its pressural part. The order of graphic integration, used to find the force J"p d y over 
the various portions of the strut surface, for 1-foot. length of strut, is detailed at the bottom 
of Table IX. 

We have just seen that the measured drag exceeds the resultant force of the integrated 
pressures by 0.1119~pound, and that this is the measured frictional drag. The frictional drag 
can also be computed from well-known formula for surface friction. Wieselsberger (Refer- 
ence 19) gives, for example, 

D,= OfOq' (26) 
as the equation for the frictional drag of a plane whose total washed area is 0. In this equation 

<7,=0.0375(^ 

where L is measured along stream, and Vis the stream speed. Writing 0 = 2L for 1-foot length 
of plane, and q = §p V 2 , equation (26) becomes 

D f = 0.0375 p**I?»V lM 

or 

Df=KL°- S5 V 1M (27) 

where D t is the frictional drag per foot run and E= 0.0375 piP M . 

Since one keeps only the downstream component of the tangential friction, the resultant 
frictional drag over the strut surface is equal, quite approximately, to that over its median 
plane, when the tangential speeds are the same at equal distances from the leading edge. One 



i This method is dae to Zahm, Reference 17. 
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has then to apply equation (27) only to the strut median plane, using for L the distance from 
the entering edge and for Y the surface speed past the element of strut surface, whose projec- 
tion on the plane is dL. From equation (6) the actual surface speed past the strut is Y— VPa - Vr 
where p, is the measured pressure and U„=l. Let Y=f(L) as plotted in Figure 11. Then 
equation (27) becomes, for L in feet, 




Strut width in inches, £ 



Fianai 11.— Experimental and theoretical afr speeds over surface of United 
States Navy No. 3 stmt tor unit stream speed 

or 

dD f = £10.85 L-°^f lM dL+ lJ85L 0 ^f°^f'dL] (27) 
where/' is the slope of the curve F =/(£). Then 

D f = E^.^fL^f tM 6L+lJ8Sj t L"y M ^ , 6L] 

or 

D { =E\h+h\ (28) 

The integrals 7 t and 7 2 were graphically integrated from curves of i -0 -^ 1 - 88 versus L (Eg. 12), 
the data for which is found in Table X. The value of h and I 2 are found to be A = 1.343, 
J, = -0.2 and 




-/.5-L 

Fiqubs 12.— Curves of V-ffU^" versus stmt width for unit stream 
speed. Areas under (1) and (2) give h and It In equation 2£ 

7 t + 7 2 = 1.055 
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Since the integration was carried through for a unit stream speed, the total frictional drag at 
88 feet per second is ... 

J?/=»Z(1.055) (88 1 - 86 ) 

Using in K the values p-0.00237 and iA"=0.2711, 

D f = 0.1006. 

This value compares satisfactorily with 

J?/= 0.1119 

found as. the excess of total drag over pressural drag, both values being pounds per fjot run 
at 60 miles per hour. 

We have found, furthermore, that the measured point pressures am. the computed surface 
friction give, as the value of the total drag of the Navy Number 2 strut, the value 

D=-D r + 0.0629+ 0.1006 = 0.1635 lb./ft., 

which is about" 6 per cent less than the actual measured drag, 

B = 0.1748 lb./ft. 

CONCLUSIONS 

The theoretical flow past symmetrical forms, of predetermined shape can be rigorously 
solved by use of von Karman's adaptation of Rankice's theory, but not yet by Joukowski's 
theory or any of its extensions. 

Using the empirical United States Navy Number£2 strut as the predetermined shape, the 
pressures about a very close approximation from the Joukowski theory and about the exact form 
from the Rankine theory agree within the precision of the computations. While agreement 
between the theories was to be expected, still it is reassuring to have two theoretical treatments, 
which are so widely different as these in their mathematical premises and developments, to 
finally give the same results for an actual body, especially since the body, being empirical, 
allowed no advantage to either. 

The frictional resistance, determined from experiment, agrees, for the strut studied, within 
10 per cent with that computed from the experimental surface speeds, and would agree still 
better with that computed from the theoretical surface speeds. Also the total resistance as 
measured agrees within 6 per cent with that computed from experimental surface pressure and 
friction. These agreements are rather better than one should expect, considering the fact that 
some of the quantities are small-order residues, and probably can not be taken as indicating 
the accuracy of such analyses in general. They tend to show, however, that the parts of the 
whole drag experienced by a body moving through a real fluid can be fully accounted for and 
accurately calculated from surface pressure and friction, granting sufficiently accurate experi- 
mental measurements of surface pressure. 
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Constants <fh V in Equations 1 and 2 
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Pressure and velocity over the separation surface whose form is the Navy No. 2 strut 
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TABLE III 

The x and y coordinates of the Joukowski strut, transformed from the circle o=2.00 centered at £=—0.20, by 

equations 10, when the map circle is 6=1.48 
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TABLE IV 

Values of gj> pj, r, 9 from equation 22 giving surfaces of constant speed near the round cylinder, from gr= 0.250 

to gr= 1.000, omitting gf= 1.118 to ?f= 1.750 
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TABLE V-a 



Contour, velocity, and pressure values for the round cyolinder o=2.00 centered at f= — 0.20 and for the corre- 
sponding Joukowski strut when map cylinder is b= 1.48 
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+. 012 
-. 472 
— . 741 
-.865 
-. 867 . 
-. 719 
-.697 
-. 549 
—.401 
-. 305 
-. 212 
— . 110 
+. 046 

+ 1. 000 
+. 405 
+.218 



TABLE V-b 

Contour, velooity, and pressure values for closely graded streamlines, ^= const, used to find constant speed 
surfaces near strut. ^=0.03, 0.O5, 0.10, 0.20, 0.60 omitted 





Bound oyllnder 


Joukowski strut 








u l . 


"r 


"t 


.- -% 




\u\ 


Jt 


P« 


■ Eq. 25 


Eq. 14, IS, 18 


Eq.. 10 


Eq.17 


Eq. 18 


Eq.O 


OOOOOOOOOOOOOOOOOO 


0. 05 
.05 

V .10 
. 10 
.15 
. 15 
.20 
.20 
.40 

- > • 40 
.70 
.70 
1.00 

1. 00 
1. 50 

. 1.60 
2.00 
2.00 


+2.155 
-2, 555 
+ 1. 903 
-2. 303 
+ 1. 865 
-2.265 
+ 1.821 
-2.221 
+ 1. 786 
-2, 186 
+ 1.689 
-2.089 
+ 1.544 
-1. 944 
+ L133 
-1. 533 
-.060 
-.340 


+0. 280 
+. 280 
+. 102 
+. 102 
+. 076 
+. 076 
+.049 
+. 049 
+-. 101 
+. 101 
+. 263 
+.253 
+.600 
+.500 
+ 1. 117 
+ 1. 117 
+L 985 
+ 1. 985 


+0. 031 
-.031 
+.086 
-. 086 
+. 135 
-.135 
+. 190 
-.190 
+:377 
-.377 
+. 642 
-. 642 
+.844 
—.844 
+.986 
-.986 
+ 1. 390 
-t. 390 


0. 281 
. 281 
.133 
. 133 
. 165 
. 155 
.196 
. 196 
.390 
.390 
.690 
. 690 
.971 
.971 

1.490 
L490 
L982 

1. 982 


+'3. 171 

-a 412 

+3. 061 
-3. 283 
+a 032 

-a 228 

+a 010 
-a 199 

+2. 933 

-a 155 

+2.796 

-a 032 

+2.543 
-2. 835 
+1. 835 
—2, 263 
+. 092 
—.521 


+0. 026 
+. 033 
+. 04Q. 
+. 069 
+. 066 
+.086 
+. 104 
+. 168 
+. 143 
+.222 
+. 241 
+. 384 
+. 352 
+'. 541 
+. 570 
+.786 
+.906 
+. 936 


0. 530 
. 512 
.405 
. 591 
.395 
. 581 
.390 
.672 
.498 
.606 
.709 
.696 
. 943 
.823 

1. 313 
1. 098 
1. 546 
1. 493 


0. 631 
. 550 
.329 
. 225 
.392 
. 267 
.503 
. 343 
.784 
. 645 
.972 
.992 

1. 029 
1. 180 
1. 135 
L 357 
1.282 
1. 328 


+0. 718 
+. 698 
+.892 
+T-949 
+.846 
+. 929 
+. 746 
+r882' 
+. 386 
+.584 
+. 064 
+.016 
-. 069 . 
-. 392 
-. 288 
— . 842 
-.643 
-. 763 
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TABLE V-o 



Contour, velocity, and pressure values for normally graded streamlines, ?t=const. ^=0.70, 1.05, 1.40, 1.75, 

2.10, and 2.45 omitted 







Sound cylinder 




r 


Joukowski strut 




i 






"f 






X 


r 


lor 1 


!• 


Pt 


Ed. 25 


Eq. H, 15, 18 




* Eq. 10 


Eq. IT 


Eq. 16 


Eq.5 


a 35 

.35 
35 
.35 
.35 
.35 
.35 
.35 
. 35 
.35 
.35 
i .35 
! .35 
, .35 
1 .35 
.35 
: .35 
i .35 
j .35 
! .35 
I 


0.35 
.35 
.50 
.50 
.70 
.70 
.80 
• .80 
L 00 
LOO 
L25 
1.25 
L50 
1.50 
1.75 
L75 
2.00 
2.00 
2. 10 
2. 10 


+ 

+3.417 
—3. 817 
+2.540 
—2. 940 
+2.344 
-2. 744 
+2.070 
-2.470 
+ L798 
—2. 198 
+ 1.523 
-L923 
+1. 192 
-L592 
+.721 
-1. 121 
+. 424 
-.824 


1. 000 
1. 000 
+.711 
+. 711 
+. 561 
+. 561 
+.539 
+.539 
+.561 
+.561 
+.685 
+. 685 
+.894 
+. 894 
+ L 180 
+ 1. 180 
+ 1. 536 
+ L536 
+ 1. 698 
+ 1. 698 


0 
0 

+.081 
— . 081 
+. 240 
-.240 
+. 232 
-.232 
+.479 
-.479 
+. 647 
-. 647 
+.759 
-.759 
+. 779 
-.779 
+. 627 
-.627 
+. 456 
-. 455 


1.000 
L000 
.716 
.716 
.610 
.610 

A1 1 
. Oil 

. 611 
.731 
.731 
.937 
.937 
L 173 
L 173 
L411 
L 411 
1. 659 
1. 659 
. L 768 
1.758 


.+ 

+4. 044 
-4. 381 
+3. 342 
—3.646 
+3. 181 
-3. 480 
+2.928 
-3.232 
+2. 619 
-2.951 
+2. 253 
-2. 631 
+1. 774 
—2. 215 
+L070 
-1.688 
+. 627 
— L 179 


+ 0.350 
. +. 350 
+.408 
+. 426 
+.479 
+. 532 
+.514 
+.586 
+. 586 
+.692 
+.679 
+.823 
+. 781 
+. 947 
+.895 
+1. 065 
+ 1. 031 
+ 1. 167 
+ L098 
+L 196 


0 

0 

.826 
.858 
. 732 
' .786 
.750 
.787 
.810 
.807 
.933 
.876 
1.102 
.963 
1.263 
'L093 
L 407 
1. 268 
L 452 
L347 


1.000 
L000 
.867 
.834 
.834 
.777 
.816 
.777 
.903 
.906 
.993 
1. 071 
L064 
1. 218 
L 116 
1.290 
1. 179 
1.308 
L211 
L304 


0 
0 

+. 248 
+.304 
+. 304 
+. 397 

T^. ooo 

+. 396 
+. 185 
+. 179 
+. 013 
-. 145 
-. 133 
-.483 
-.246 
— . 665 
-. 390 
-. 712 
-. 466 
-.702 



TABLE VI-a 
Constant speed contours about the Joukowski strut 







Bow 


Stem | 
■t 






Abreast 


f 


P 


- 


• 


z 


• ! 


1 


V 


X 


r 


a 25 

.26 


+0.937 
+. 937 


-3. 188 [ 0. 075 
-3. 237 , . 077 
-a 315 . 050 
-a 330 0 


+aoi2 
+aoso 


0. 013 \ 

0 I 

t ■ 
i 


L 25 


- a 563 


—2.800 
-2.750 
-2.700 
-2. 640 


a 570 
. 600 
.660 
.730 


.50 


+.75 




See Table Vl-b 


1 






—2.550 


.830 


.75 


+.438 


-a 125 
-a 158 
—a 200 
—a 300 

—3. 470 
-a 670 
—3. 890 
-4.000 
-4.040 


a 250 
.316 
.362 
. 450 
.520 
.520 
.412 
.250 
. 140 


+2.960 
+a026 

+ai25 

+a340 

+as20 

+3. 525 


■' ! 
a 125 j 

. 300 , 
.340 
.300 
.066 ; 

o .! 

i 
i 

1 


1.25 


-. 563 


—2.380 
—2. 152 
-.600 
-. 165 
+. 050 
+. 270 
+. 375 
+.412 


1. 015 
L 180 
L330 
1.175 
1. 070 
.935 
.870 
.835 


.75 


+. 438 


-4.050 


0 




1 










1.00 
1. 00 


0 

6 


-a 025 
—3.025 

-a 030 

—a 048 

—a 080 
—a 130 

-3.200 
—a 360 
—3. 535 
-a 730 


.380 
.440 
.510 
.610 
.775 
.910 
L 080 
1.400 
1.730 
2. 052 


+2.750 
+2.680 
+2.637 
+2.600 
+2.570 
+2.550 
+2.570 
+2.660 
+2.800 
+2. 975 


.250 
.350 ; 
.440 i 
. 525 
. 692 
.845 
L048 
1.376 ; 
1.720 
2.030 











146 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TABLE Vl-b . . 



Constant pressure contours about Joukowski strut 



p 


? 


Bow 


Stern 






Abreast 


I 


p 


X 




p 


( 


i 




+0.75 
. +.75 


0V60* 
.50 


-a 176 
**a i8o 

-3. 260 
-a 470 
-a 525 


0. 160 
. . 170 
. 210 
. 130 

0 


+3. 008 
+a033 

+a 108 
+a 135 

+3. 160 


a 030 

.060 
.065 

.osr 

0 "r- 


—0. 25 


1 T 18 


-2. 940 
-2. 900 
-2. 730 
-2. 790 
-2. 725 


0. 451 

. 625 

.880 , 
1. 020 , 
1.240 . 


+.50 


.707 


-ra 130 

-a no 

-a 230 

^3. 775 
-*-3. 880 


.240 
. 290 
.330 
.... 375 
.290 
. 140 


+2.976 

+aooo 
+ao5o 

+a 350 
+a 395 

+a 4io 


. 0 95 
. . 170 

.2gr 

. 175 
Q .07A 


— . 25 


1. 118 


-2. 600 
+ 1. 976 
+ 1. 830 
+ L 745 
+ 1. 660 
+ 1. 210 


t 

i 

1. 600 J 

.627 

.750 

. 900 
1. 030 
1. 635 


+.50 


.707 


-3. 900 
-3.900 


.060 

0 






-.50 


1. 225 


-2.825 
-2. 700 


.535 
.700 


4- 25 


: 866 


-a 085 

TO. 1UO 

-a 130 
-a 190 
-a 295 
-a 490 


.310 
.370 
. 425 
. 625 
.652 
.800 


+& 900 

+ 2. 913 
+ 2. 930 
+ 2.965 
+ a045 
+a 375 


. 250 

■ 3 SL 

.535 
67,0 

•43 

' . «5f 

0 


-.50 


. 1. 225 


-2 480 
—2. 080 
-2. 240 
+. 135 
+.330 
+. 760 


1. 000 
L 370 
1.480 
1. 260 
1. 120 
.790 


/ 

+. 25 


.866 


-3, 950 
—4 310' 
—4 700 
-4 776 
-4 820 


.900 
. 851 
. 580 
. 420 

0 


+a820 
+4 180 

. 

i 


-. 75 


. 1. 323 


-2. 500 
-2, 320 
—2.000 
—2.230 
-.820 


' .696 
.880 
.975 
1. 075 
1. 025 


0 


LOO 




See Table Vl-a 




-.75 


1. 323 


-. 566 


.930 



TABLE VTI — 



Resistance values for Navy No. 2, 5-foot strut with shielded ends at various air speeds and zero pitch and yaw 



Air- 
speed. 

V 


Net resist- 
ance per 
foot it 
lb. 


ViDi 
(ft.Xft./sec) 


C- 

IRf 


20 


0. 0240 


7.34 


a 0940 


30 


.0472 


11. 00 ' 


.0821 


40 


. 0796 


14 67 


.0779 


50 


.1206 


ia 34 ; 


. 0755 


60 


. 1748 


22.001" 


.0761 



^-resistance per foot length of strut, lb. 
D^atrut thickness in Inches. 
A-strut thiofcness In feet. 
C-shape coefficient. 
V=air speed In miles per hour. 
Vi~air Bpeed In feet per second, 
#/ff=0.00237 slug/feet. 
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TABLE VIII 

Point pressure in terms of nose pressure, p/p„ at various wind speeds for Navy No. 2 strut — zero of pitch 

and yaw 



Pressure hole 


Point pressure j>/j)» 


! 


Coordinates 




Wind speed In M. P. H. 




Num- 
















ber 


















X 


r 


20 




40 


so 


(SO 


i 


0 


0 


+ L000 


+0.998 


+ L004 


+ 1.000 


-f-LOOO 


2 


. 100 


.370 


+.608 


+.602 


+. 601 


+. 604 


+. 600 


3 


.320 


. 620 


+. 066 


+. 066 


+. 071 


+. 068 


+. 066 


4 


. 540 


.830 


' -.332 


-. 348 


-. 345 


-.350 


-. 356 


5 


.880 


1.000 


-. 612 


-.60S 


-. 593 


-. 604 


-. 594 


6 


1. 300 


1. 170 


- — . 704 


-.712 


. — . 695 


-K706 


-.700 


7 


2.100 


1.370 


-.780 


-. 784 


—.762 


-.768 


-766 


8 


3.640 


1. 500 


-.688 


^. 698 


-. 667 


-. 668 


-.662 


9 


5.250 


L 480 


-. 586 


-. 586 


-.570 


-.666 


-.552 


10 


6.800 


1. 210 


-. 414 


-.408 


-. 386 


-.386 


-. 380 


11 


8.40Q 


.850 


-. 178 


-. 176 


— . 158 


— . 152 


-. 146 


12 


9. 220 


.590 


-. 026 


-. 010 


+. 016 


+. 022 


+.042 


13 


9.950 


.300 


+. 142 


+. 151 


+. 168 


+. 150 


+. 146 


14 


10. 330 


. 100 


' +. 178 


+. 172 


+. 170 


+. 168 


+. 162 



p -point pressure at any hole. 
p,=polnt pressure at nose-H* W 

TABLE IX 



Along-etream forces per foot run of Navy No. 2 strut expressed both in pounds and in per cent of total drag for 

theory and experiment at 60 miles per hour 



Atr 
Bpeed 
M.P.E. 


Downstream 


Upstream 


Pressure | Friction 
drag : drag 
D,-Pi-P, j Ds 


Total drag 


Push 


Suction 


Totalis 


Push 


Suction 


Total A 


Pounds per foot run— theory 


60 


0. 4151 j a 4109 


a 8260 


a 2010 ' 0. 6250 
1 


a 8260 


■ o| 0 


• 


Pounds per foot run— experiment 


60 


a 4230 j 0. 2762 


0. 7012 


0. 0893 


0.5490 


a 6383 j 0. 0629 | 0. 1119 


0. 1748 


Per cent of total drag— experiment 


60 


242 


159 [ 401 
.i 


61 


314 


365 


36 | 64 


100 



Diagram I 



Downstream push a. area abo Upstream push a. area efo 

Downstream suction a. area ceo" Upstream suction a. area bed 

Total area-(abo*CBd)-(efofbcbf'Obgef-gcg 
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TABLE X 



Values of absoissse, air speeds, and accelerations used in evaluating 7 L and 7j in Equation 18 



Distance aft 
bow L In feet 


Measured 
tangential 


. - - . 


V ,141-/1 .M 

-1 " 




Sis 


AV. „ 

HZ" 1 
(faired) 


1JBSX 

■ft 


_ 0.S8X 

/1M£-*.1J — 

Tt 


0 


0 


0 


o : 


0 


— ~jF 

£793 






- 


. 0208 


.920 


.930 


. . 855 


. 0373 


+ 14 40 


+a 924 


+ 1. 303 


. 0417 


L 125 


1. 106 


1. 243 


.0671 


\. 609 


+ 6. 288 


+. 862 


+ 1. 700 


. 0838 


L276 


1. 233 


1.573 


. 1210 


L 453 


+1. 675 


+. 462 


+ 1. 943 


. 1250 


L 316 - 


1. 262 


1.661 ' 


. • 1708 


1. 366 


+. 624 


+. 249 


+ 1. 930 


. 1666 


L 330 


1.274 


L 695 


. 2181 


L309 


+. 156 


+. 080 


+ 1. 886 


.2083 


L330 ~ 


1.274 


1. 69ff 


. 2636 


• 1.263 


-. 108 


-. 067 


+ 1.820 


.250Q . 


, L318 


1. 265 " 


1. 666 


.3079 


L 232 


-. 222 


-. 160 


+1. 744 


.2916 


1. 298 


1. 248 


1.621 


.3506 


i:203 


-. 270 


-.219 


+L 657 


.3333 


L 282 


l.<235 ■ 
1.224 


1. 584 


. 3932 


L179 


-.292 


-.262 


+L587 


. 3748 . 


1. 268 


1. 552 


' . 4346 


1, 158 


-. 294 


-. 289 


+1. 528 


. 4166 


1256"-' 


1. 214 


1.524 


. 4749 


L 139 


-.320 


-.341 


+1. 476 


.4585 


L242 


. 1.203 


L 493 


. 5162 


L 123 


.-. 387 


-. 444 


+1. 426 


. 5000 


1. 220 


1. 184 


_ 1.444 


.6546 


L 113 


-. 511 


-.621 


+1. 366 


. 5415 


L 1.94 . 


1.163 


L 388' 


. 5930 


L094 


-. 622 


-.794 


+ 1. 291 


. 5832 


1. 165. 


1. 139 


1. 326 


.6321 


L084 


-. 711 


-. 947 


+ 1. 222 


. 6250 


i: i35 


1. 113 


1. 264 


. 6693" 


L071 


-. 766 


-1. 087 


+ 1. 151 


. 6666 


1. 102 


1. 086 


1. 197 


.7083 


1,062 


-. 788 


-1. 122 


+ 1. 081 


. 7082 


1.067 - 


1.057 


1. 127 


.7460 


L052 


-. 826 


-L 205 


' ■ +1. 008 


.7500 


1. 016 


L014 . 


L030 


. 7828 


1. 043 


-. 871 


-1. 279 


+ 1. 913 


.7915 


;966 


. 961 ; 


" . 918 


.818* . 


LQ34 


-. 780 


-1. 133 


' +.807 


. 8333 




..930 


. .865 


.8566 


LD28 


-.474 . . -.698 


+.747 


.8755 




■■■■■■■ ! 


.850 

."" - -" " 


. 8930 


f."D20 


-. 030 


-.046 


+.737 



